The major signaling pathways regulating gastric stem cells are unknown. Here we report that Notch signaling is essential for homeostasis of LGR5 + antral stem cells. Pathway inhibition reduced prolife-
Introduction
The gastric epithelium is sustained by a population of stem cells located in the isthmus in the gastric corpus and at the gland base in the gastric antrum. Gastric stem cells give rise to differentiated epithelial cell lineages that turn over at rates ranging from a few days for surface mucous cells (Karam & Leblond, 1993a) to several months for zymogenic chief cells (Karam & Leblond, 1993b) . The R-spondin receptor LGR5 has been described to mark a population of active stem cells at the base of the antral glands that generate transit amplifying (TA) daughter cells, which subsequently differentiate into the various mature cell types Leushacke et al, 2013) . The molecular mechanisms that regulate gastric stem cell number, proliferation and differentiation to maintain overall tissue homeostasis are not fully understood.
Mouse gastric glands are initially polyclonal, or composed of differentiated cells derived from multiple stem cells, and reach monoclonality around 6 weeks of age (Nomura et al, 1998) . Similar to intestine, monoclonal conversion in the stomach is thought to follow neutral drift dynamics, where stem cells divide symmetrically and stochastically adopt either a stem or TA progenitor cell fate based on competition for niche space Leushacke et al, 2013) . Additionally, a recent report showed that LGR5 + antral stem cell clones can expand via gland fission (Leushacke et al, 2013) . Mathematical modeling studies have suggested that such fission results from a doubling of gland size due to an increase in stem cell numbers (Loeffler et al, 1997) . In mouse, gland fission is highest at postnatal day 2 and plateaus at postnatal day 105 (Nomura et al, 1998) , which follows the timeline for cellular maturation of the gastric glands (Keeley & Samuelson, 2010) . The Notch signaling pathway promotes progenitor cell proliferation and absorptive cell differentiation in the adult intestine (Fre et al, 2005; Stanger et al, 2005) and is required for intestinal stem cell maintenance (VanDussen et al, 2012) . Emerging data suggest that Notch may have similar effects on gastric epithelial cell homeostasis. In the developing stomach, gene expression of Notch ligands Jag1, Dll1 and Dll3, Notch receptors Notch1-3 and the Notch target genes Hes1 and Hes3 has been reported (Jensen et al, 2000; Kim & Shivdasani, 2011) . Furthermore, mice lacking the Notch target gene Hes1 show increased endocrine cell differentiation in the embryonic stomach (Jensen et al, 2000) , suggesting that Notch signaling inhibits endocrine cell differentiation. In the adult stomach, pharmacologic inhibition of the Notch pathway was observed to reduce progenitor cell proliferation in both corpus and antrum, and increase mucous cell differentiation (Kim & Shivdasani, 2011) . Furthermore, Notch activation in parietal progenitor cells induced poorly differentiated corpus tumors (Kim & Shivdasani, 2011) . Together, these findings highlight a key role for Notch in regulating gastric epithelial cell differentiation. However, Notch regulation of LGR5 + gastric stem cells to maintain tissue function is unknown.
Furthermore, Notch-regulated effectors have not been identified for the gastric epithelium.
Here we describe an analysis of Notch regulation of stem cell homeostasis in the gastric antrum. Our data demonstrate that Notch regulates LGR5
+ gastric stem cells to control cellular proliferation and differentiation to maintain epithelial cell homeostasis. We also demonstrate that constitutive Notch activation in LGR5 + antral stem cells induces gland fission and tissue expansion associated with activation of mTOR signaling, with long-term Notch activation leading to antral polyp development.
Results

Notch signaling induces proliferation of LGR5 + antral stem cells
We tested whether antral stem cells exhibited Notch signaling activity by lineage tracing with NIP1::CreERT2; ROSA EYFP mice (see Materials and Methods for mouse strain nomenclature). Active Notch1 signaling was demonstrated by single YFP + epithelial cells at the base of the antral glands 3 days post-tamoxifen (TX) treatment (Fig 1B, arrowhead) , as well as fully labeled YFP + antral glands 8 weeks post-TX ( Fig 1C) . This analysis also revealed active Notch signaling in non-epithelial cells (Fig 1B and C, arrows) . Immunohistochemistry for the Notch target gene Hes1 revealed expression in epithelial cells at the antral gland base as well as in mesenchymal cells, consistent with the lineage tracing data (Fig 1D) .
To test the importance of Notch signaling for gastric antral stem cell homeostasis, we examined cellular proliferation after treatment of adult mice with the gamma-secretase inhibitor (GSI) dibenzazepine (DBZ) to block Notch signaling. Notch inhibition reduced epithelial cell proliferation, as shown by a reduction in Ki67 + cells (Fig 1E-G) . A similar reduction in epithelial cell proliferation was observed when Notch function was impaired via genetic deletion of the DNA-binding protein RBPJ-j (Fig EV1) , suggesting that the effects of DBZ are primarily due to inhibition of Notch signaling. We next tested the consequences of Notch activation in LGR5 + stem cells in Lgr5; ROSA NICD mice treated with TX. We found that 57 AE 6% (n = 3) of antral glands were NICD + at 1 month post-TX, consistent with the mosaic expression pattern of the Lgr5-GFPCreER T2 driver. In accordance with the results of Notch inhibition, epithelial cell proliferation in Lgr5; ROSA NICD mice was significantly increased after expression of NICD, with an expansion of the proliferative zone (Fig 1I-K) and an increase in antral gland height ( Fig 1L) . Gland height after Notch inhibition was normal (Fig 1H) . Together, the Notch inhibition and activation data suggest an important role for this pathway in regulating antral epithelial cell proliferation.
To directly investigate antral stem cells, we measured proliferation of LGR5 + cells by co-immunostaining for GFP and Ki67 in Notch-manipulated Lgr5-EGFP-CreER T2 mice (Fig 2 and Appendix Fig S1) . DBZ treatment caused a 4.5-fold reduction in the number of proliferating LGR5 + stem cells (Fig 2A) while NICD expression induced a three-fold increase in LGR5 + stem cell proliferation ( Fig 2C) . Our previous study had identified olfactomedin 4 (Olfm4) as a direct transcriptional target of the Notch pathway (VanDussen et al, 2012) . Accordingly, Olfm4 mRNA abundance in antral tissues was decreased with Notch inhibition (Fig 2B) and increased with Notch activation (Fig 2D) .
To examine Notch regulation of LGR5 + stem cell activity, we tested the efficiency of antral organoid establishment from DBZtreated mice or TX-treated Lgr5; ROSA NICD mice. Organoid plating efficiency was significantly reduced in DBZ-treated mice (Fig 2E, F and I) , while plating efficiency in Lgr5; ROSA NICD mice was higher compared to control (Fig 2G, H and K) . We also measured organoid establishment efficiency from single sorted LGR5 + stem cells isolated from vehicle or DBZ-treated mice. Although equal numbers of LGR5 + stem cells were plated per well, organoid efficiency from Notch-inhibited stem cells was significantly inhibited compared to control stem cells (Fig 2M-O) . These data suggest that Notch regulates organoid establishment, a finding that would be consistent with changes to stem cell activity or function. We next tested whether Notch regulates in vitro growth of gastric epithelial cells by treatment of established WT organoids with the GSI DAPT. Consistent with our in vivo findings, Notch inhibition was observed to slow overall growth and proliferation (Figs 3 and EV2) of antral organoids without affecting overall cellular integrity (Fig 3H and J) . Conversely, organoids established from Notch-activated mice grew faster than controls (Fig 2L) , consistent with the increased proliferation and increased antral gland height observed in tissue sections from these Notch-activated Lgr5; ROSA NICD mice (Fig 1L) . To test whether Notch inhibition affected stem cell function in vitro, we measured organoid reestablishment after passaging. DAPT treatment markedly reduced the efficiency of new organoid formation, similar to our observation of reduced organoid initiation from DBZ-treated mice. Note that organoids established from DBZ-treated mice grew at the same rate in culture (Fig 2J) , suggesting that after release of Notch inhibition antral stem cells recover normal function. Together, our in vivo and in vitro findings suggest that Notch regulates antral stem cell activity.
Notch manipulation disrupts antral epithelial cell differentiation
We tested whether Notch regulated epithelial cell differentiation by analyzing markers of surface mucous cells (Muc5ac; Fig 4A-D) , deep mucous cells (TFF2, Muc6; Fig 4F-I) and hormone-secreting G cells (Gastrin; Fig 4K-N) in the gastric antrum of Notch-inhibited (DBZ) and Notch-activated (Lgr5; ROSA NICD ) mice. Our data show that Notch inhibition resulted in a generalized increase in expression of markers of all epithelial cell lineages. In contrast, Notch activation led to a reduction in expression of these differentiated cell markers. We further tested expression of the key transcription factors regulating surface mucous cells (FoxQ1) (Verzi et al, 2008) (Fig 4E) , deep mucous cells (Spdef) (Horst et al, 2010) (Fig 4J) (Fig EV1) . We also analyzed differentiation of cell lineages in control, DAPT-treated and Lgr5; ROSA NICD organoids (Fig 4P-S) . Similar results to our in vivo studies were observed, where Notch inhibition induced differentiation of deep mucous and endocrine cells, and Notch activation suppressed organoid cell differentiation. These data further demonstrate the role of Notch in regulating differentiation of gastric antral stem cells.
Notch signaling regulates antral tissue growth
It has been postulated that gastrointestinal tissue growth during postnatal life occurs via gland or crypt fission in response to increased stem cell numbers (Totafurno et al, 1987; Nomura et al, 1998; Dehmer et al, 2011) . DAPI (red) was used as a nuclear counterstain. Scale bar: 50 lm. D Paraffin section immunostained for HES1 showing both epithelial (arrowheads) and mesenchymal (arrows) cell expression. Scale bar: 50 lm. E-G Paraffin sections from (E) vehicle-(n = 5) or (F) DBZ-treated (n = 6) mice were immunostained for the proliferation marker Ki67 (red), and (G) the number of Ki67 + cells quantified (mean AE SE). DAPI (blue) was used as a nuclear counterstain. Scale bars: 50 lm. *P = 0.03 versus vehicle using Student's t-test. H Analysis of antral gland height in vehicle-(n = 4) or DBZ-treated (n = 4) mice (mean AE SE). I-K Paraffin sections from (I) vehicle-(n = 6) or (J) TX-treated (n = 6) Lgr5; ROSA NICD mice were immunostained for the proliferation marker Ki67 (red), and (K) the number of Ki67 + cells quantified (mean AE SE). DAPI (blue) was used as a nuclear counterstain. Scale bars: 50 lm. **P = 0.004 versus vehicle using Student's t-test. The EMBO Journal Notch regulates gastric stem cells Elise S Demitrack et al fraction of antral glands were undergoing gland fission post-TX activation of NICD expression (Fig 5) . The gland fission observed in adult Lgr5; ROSA NICD mice was similar to that observed in juvenile mice during postnatal stomach development ( Fig 5C) . Morphometric quantification of gland fission in TX-treated control (Lgr5) and Lgr5; ROSA NICD mice revealed a marked increase in the number of fission events at 1 and 4 weeks post-TX treatment ( Fig 5D) . Gland fission was also apparent in isolated NICDexpressing antral glands, where both single and bifurcated glands exhibited increased proliferation compared to control (Fig 5E-I ).
We next examined antral gland clonality during Notch activation. To test this, we utilized the multi-color ROSA Con reporter Monoclonal gland conversion was extremely rapid, with extensive single-color labeling apparent as early as 2 weeks post-TX in the NICD mice (Appendix Fig S2) . Quantification of gland labeling at 5 and 8 weeks showed that while control mice contained approximately 50% single-colored glands, NICD-activated tissue contained > 90% monoclonal glands. We also observed that Notch activation caused a significant increase in clusters of same-colored adjoining antral glands (example outlined in Fig 6D and Appendix Fig S2) compared to control mice, with a progressive increase in the number of clusters observed after NICD activation (Fig 6G) , providing further evidence that Notch activation induces gland fission.
Chronic Notch activation induces antral polyps
Previous studies showed that human gastric cancer can exhibit elevated Notch pathway expression (Yeh et al, 2009; Sun et al, 2011; Hsu et al, 2012) . Because our results showed increased stem cell proliferation post-Notch activation, as well as increased fission and monoclonal conversion of antral glands, we next questioned how long-term Notch activation would affect overall tissue architecture. Examination of Lgr5 and Lgr5; ROSA NICD mice 6 months post-TX revealed multiple polyps in the gastric antrum of Notch-activated mice (Fig 7B) . Such polyps were never observed in control mice lacking ROSA NICD (n = 12) ( Fig 7A) and have been observed in 100% of Lgr5; ROSA NICD mice (n = 14). The antral tissue expansion significantly increased total stomach weight in Lgr5; ROSA NICD mice (Fig 7C) . Gene expression analysis revealed strong activation of Notch pathway components in Lgr5; ROSA NICD antra, with significant induction of Olfm4, Hes1, Hey1 and HeyL (Fig 7D) . Histologically, the polyps contained hyperplastic, disorganized glands compared to control (Fig 7E and F) . Such polyps were hyper-proliferative ( Fig 8A) with strong expression of the stem/progenitor cell markers CD44 and Sox9 (Fig 8B and C ) and contained few differentiated cells (Fig 8D-F) . Interestingly, polyps were not apparent in intestine (Fig EV3) or skin, despite the presence of LGR5 + stem cells in these tissues (Barker et al, 2007; Jaks et al, 2008) . We confirmed NICD activation in the Lgr5; ROSA NICD intestine 1 month post-TX,
showing the expected inhibition of goblet cell differentiation in crypt/villus units expressing NICD (Fig EV3) . However, histological immunostaining for E-cadherin (red) (H, J). Scale bars: 50 lm. K Growth was determined in vehicle-or DAPT-treated organoids by measuring size (mean AE SEM; n = 16-30 organoids per group); ***P < 0.001 versus vehicle using two-way ANOVA. L Efficiency of organoid re-establishment after 5 days of treatment with vehicle or DAPT (mean AE SEM; n = 3 wells per group); *P = 0.019 versus vehicle using Student's t-test.
The The EMBO Journal Notch regulates gastric stem cells Elise S Demitrack et al examination of the Lgr5; ROSA NICD intestine at 6 months post-TX revealed normal crypt/villus architecture, with no change to progenitor cell proliferation or expression of the Notch target genes Olfm4 and Hes1 (Fig EV3) . The strong activation of CD44 and Sox9, known intestinal Wnt target genes, in the Lgr5; ROSA NICD antral polyps was not due to a general increase in Wnt signaling, as suggested by decreased expression of the Wnt target genes Lgr5 and Axin2 (Fig EV4) . Decreased Wnt target gene expression after Notch activation is consistent with a previous report suggesting that Notch can repress Wnt signaling in the intestine (Tian et al, 2015) . Decreased Lgr5 expression in the tumor tissue was also demonstrated by in situ hybridization and by a lack of ROSA Con re-tracing in Lgr5; ROSA NICD polyp areas (Fig EV4) , although inclusion of the ROSA Tom reporter revealed that the antral polyps were derived from NICD-activated LGR5 + antral stem cells (Appendix Fig S3) . Lineage tracing with the ROSA Con reporter revealed that the antral polyps are polyclonal (Appendix Fig S3) , suggesting that they are derived from multiple NICDactivated LGR5 + stem cells. These data suggest that chronic activation of Notch signaling leads to hyper-proliferative polyp development as a consequence of perturbed stem cell homeostasis in the gastric antrum. 
A-O Analysis of surface mucous cells (A-E), deep mucous cells (F-J) or endocrine cells (K-O) by immunohistochemical analysis of antral paraffin sections and qRT-PCR
analysis of antral RNA in control, DBZ and Lgr5; ROSA NICD 4 weeks post-TX (mean AE SEM; n = 3-18 mice). *P < 0.05, **P < 0.01, ***P < 0.001 versus control using one-way ANOVA. Scale bars: 50 lm. P-S Analysis of endocrine and deep mucous cell lineages in control (n = 16), DAPT-treated (n = 8) and Lgr5; ROSA NICD (n = 8) antral organoids (mean AE SEM).
*P < 0.05, **P < 0.01, ****P < 0.0001 versus control using one-way ANOVA.
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Notch regulates mTOR signaling
Previous studies in hematopoietic cells have reported that Notch can activate the mTOR signaling pathway (Chan et al, 2007; Palomero et al, 2007) . Therefore, we tested whether Notch induction of LGR5 + stem cell proliferation and antral gland fission might involve mTOR pathway activation. Immunostaining for the phosphorylated form of the mTORC1 target ribosomal protein S6 (pS6) in control, DBZ-treated and Lgr5; ROSA NICD mice at 1 month and 1 year post-TX revealed that Notch inhibition reduced pS6 expression, while Notch activation increased expression (Fig 9A-D) . The significance of elevated mTOR signaling was functionally tested by treating Lgr5; ROSA NICD mice with the mTORC1 inhibitor rapamycin. Analysis of epithelial cell proliferation and gland fission showed that rapamycin significantly attenuated the increased proliferation (Fig 9E-G) and gland fission (Fig 9H-J The
by a complete loss of pS6 staining (Fig EV5) . Notch signaling, however, was not affected by rapamycin treatment, as demonstrated by continued expression of the ROSA NICD transgene, shown by nuclear GFP immunostaining, and expression of the Notch target Hes1 (Fig EV5) . Furthermore, rapamycin treatment of nontransgenic mice revealed a loss of pS6 expression but no change in basal epithelial cell proliferation (Fig EV5) . Overall, these data provide evidence that mTORC1 signaling plays a functional role in Notch regulation of stem/progenitor cell proliferation and gland fission.
Discussion
Here we report that Notch signaling controls gastric epithelial cell homeostasis by regulating antral stem cell function. Our lineage tracing studies in adult NIP1::CreER T2 mice showed that antral stem cells are actively signaling from the Notch1 receptor, thus demonstrating that the Notch pathway directly targets these cells under normal homeostatic conditions. Manipulation of Notch signaling showed that Notch functions to promote overall stem cell proliferation. Blocking Notch by pharmacologic or genetic means reduced stem cell proliferation, while genetic activation of Notch signaling in LGR5 + stem cells increased the number of proliferating stem cells. A, B Gross histology of (A) Lgr5 and (B) Lgr5; ROSA NICD stomach 6 months post-TX. Circles outline polyp areas. Scale bars: 0.5 cm.
Expression of the Notch target gene
C Weight of control and Lgr5; ROSA NICD stomach 6 months post-TX (mean AE SEM; n = 7 mice). **P = 0.003 versus control using Student's t-test.
D qRT-PCR analysis of Notch target gene expression (mean AE SEM; n = 7 mice). *P < 0.05 or **P < 0.01 versus control using Student's t-test. E, F H&E-stained paraffin sections from (E) Lgr5 and (F) Lgr5; ROSA NICD antrum revealed hypertrophic, disorganized glands after Notch activation. Scale bars: 100 lm.
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We further demonstrate that Notch regulates gastric epithelial cell differentiation. Pathway inhibition promoted differentiation of all cell lineages, while activation reduced differentiation, most likely due to an increase in progenitor cell proliferation and a resulting block in these differentiation programs. Our studies extend earlier findings in which increased numbers of deep mucous cells were observed in the adult mouse antrum after DBZ treatment (Kim & Shivdasani, 2011) and increased numbers of endocrine cells in embryonic mice carrying a deletion of the Notch effector gene Hes1 (Jensen et al, 2000) . Our conclusion that Notch signaling inhibits differentiation of all lineages in the stomach contrasts with Notch regulation of differentiation in the intestine, where global pathway inhibition has been well described to promote differentiation of secretory cell types (mucous, endocrine, Paneth) to the detriment of absorptive enterocytes (van Es et al, 2005; VanDussen et al, 2012) . Notch regulation of intestinal cell fate occurs via control of the secretory lineagespecific transcription factor Atoh1 (Yang et al, 2001; Shroyer et al, 2007; VanDussen & Samuelson, 2010) , which is not expressed in stomach. In stomach, Notch signaling appears to uniformly affect all cell lineages via regulation of stem and progenitor cell proliferation versus differentiation without affecting cell fate choice.
Gastric glands in mouse are initially polyclonal, reaching monoclonality at adulthood, around 6 weeks of age (Nomura et al, 1998 showing that monoclonality was achieved by 2 months after initiating lineage labeling (Leushacke et al, 2013) . Our studies similarly showed that approximately 50% of control antral glands were single-colored (monoclonal) at 2 months after tamoxifen treatment. Importantly, our studies also showed Notch activation markedly increased the rate of monoclonal gland conversion, with singlecolored glands observed in the Lgr5; ROSA NICD stomach as early as 2 weeks after NICD activation. These findings suggest that stem cells with constitutive Notch pathway activation compete more effectively for niche spots than control stem cells, rapidly spreading within the stem cell niche. Our results also suggest that Notch signaling regulates antral stem cell activity. Analysis of antral organoids established from DBZ-treated or Lgr5; ROSA NICD mice revealed dramatic changes in efficiency of organoid establishment, suggesting functional changes to stem cells with reduced or enhanced ability to initiate organoid formation, respectively. Consistent with this interpretation is the observation of a robust increase in gland fission after NICD activation in LGR5 + stem cells. Fission occurs by a poorly understood tubular bifurcation process initiated from the gland base to increase the number of gastric glands. This process predominates during preand postnatal development to provide a mechanism to achieve adult organ size after the initial establishment of gastric glands (Nomura et al, 1998) . Our studies in adult mice showed that antral gland fission was increased 1 week post-NICD induction in LGR5 + stem The EMBO Journal Notch regulates gastric stem cells Elise S Demitrack et al cells. Fission is thought to be initiated by increased stem cell numbers to spatially accommodate the resulting increase in cell production (Loeffler et al, 1997) . Our observation of increased stem cell proliferation associated with increased fission and increased organoid establishment after Notch pathway activation suggests that Notch may regulate the number of active stem cells in the gastric gland or that Notch-activated stem cells are functionally advantageous and eventually out-compete "normal" stem cells, an interpretation that is consistent with our ROSA Con lineage tracing analysis. The lack of intestinal polyps in Lgr5; ROSA NICD mice suggests that NICD-activated intestinal stem cells respond differently than gastric stem cells, highlighting differences between the two tissues.
Our findings that mTORC1 inhibition attenuated the observed NICD-induced proliferation and antral gland fission suggest that enhanced Notch signaling may regulate antral stem cells via downstream signaling through mTOR. mTOR is a serine/threonine protein kinase that regulates cellular growth and proliferation. Notch has been previously shown to activate the PI3K/Akt/mTOR signaling cascade via Hes1 and Myc suppression of phosphatase and tensin homologue deleted on chromosome ten (PTEN) and activation of Akt/PI3K signaling (Palomero et al, 2007) . Loss of PTEN (which results in mTOR activation) in the intestinal epithelium leads to intestinal stem cell expansion, increased crypt fission and intestinal polyposis (He et al, 2007) . These findings are consistent with our observation of increased mTOR activity in Lgr5; ROSA NICD mice, . DAPI (red) was used as a nuclear counterstain. Scale bars: 50 lm. E, F Proliferation was measured via EdU incorporation on paraffin sections from TX-treated Lgr5; ROSA NICD stomachs after treatment with (E) vehicle or (F) 4 mg/kg rapamycin twice per week for 3 weeks. Scale bars: 50 lm. G Quantification of proliferation in vehicle-(n = 3) and rapamycin-treated (n = 3) Lgr5; ROSA NICD mice, or untreated C57BL/6 mice (n = 3) by morphometrics of EdU incorporation (mean AE SEM). *P < 0.05 versus vehicle-treated NICD using one-way ANOVA. H, I H&E-stained paraffin sections from (H) vehicle-and (I) rapamycin-treated Lgr5; ROSA NICD mice. Asterisks illustrate gland fission. Scale bars: 50 lm.
J Morphometric analysis of antral gland fission in vehicle (n = 3) and rapamycin-treated (n = 3) Lgr5; ROSA NICD mice, or untreated C57BL/6 mice (n = 3) (mean AE SEM). *P < 0.05 versus vehicle-treated NICD using one-way ANOVA.
Elise S Demitrack et al Notch regulates gastric stem cells The EMBO Journal which exhibit increased LGR5 + antral stem cell activity and antral gland fission. mTOR regulation of gastric epithelial cell homeostasis has not been explored; however, activation of the PI3K/Akt/mTOR pathway in mouse models of gastric tumorigenesis (Thiem et al, 2013) and human gastric cancer (Bellacosa et al, 2005; Lang et al, 2007; Murayama et al, 2009; Yu et al, 2009) suggests that dysregulated mTOR signaling in gastric stem cells can initiate aberrant proliferation and tissue expansion, leading to tumorigenesis. However, the mechanism of Notch and mTOR cooperation in this process remains to be elucidated. In addition to organ growth during maturation, gland fission is thought to be important for gastrointestinal tissue expansion in response to injury (Qiao et al, 2007; Miyoshi et al, 2012) and has been shown to be involved with field cancerization in the human stomach to expand mutated gastric glands (McDonald et al, 2008; Gutierrez-Gonzalez et al, 2011) . Our studies show that over time Notch-activated stem cells promote gross tissue expansion with an overall increase in stomach weight. Tissue expansion was clearly demonstrated with the multi-colored Rosa Con reporter by a progressive increase in clusters of same-colored glands after Notch activation in LGR5 + stem cells. Our findings parallel the results of genetic activation of oncogenic K-ras in intestinal LGR5 + stem cells, with observation of accelerated intestinal epithelial cell division and a biased drift toward monoclonality and crypt fission (Snippert et al, 2014) . Thus, genetic mutations of active gastrointestinal stem cells that create a selective advantage to occupy the niche may establish a pre-cancerous field susceptible to subsequent cancer-causing mutations.
The appearance of hyper-proliferative antral polyps 6 months post-NICD activation supports this hypothesis of gland fissiondriven tissue expansion. The NICD-induced polyps exhibited features of stem or progenitor cells and contained few differentiated cells. Notably, this response appeared to be specific for gastric stem cells as NICD did not induce polyps in other tissues containing LGR5 + stem cells, including intestine and skin. The lack of Lgr5-expressing cells in the antral polyps suggests that hyperproliferation does not reflect a gross amplification of LGR5 + antral stem cells. An earlier study from the Shivdasani laboratory reported similar hyperproliferative, undifferentiated tumors in the gastric corpus after NICD activation in parietal cell progenitors, where they concluded that Notch promoted dedifferentiation of progenitors into stem cells that were capable of long-lived function as an active corpus stem cell (Kim & Shivdasani, 2011) . Thus, the gastric epithelium appears to be highly responsive to Notch activation, suggesting that activation of this signaling pathway, either alone or in the context of active mTOR signaling, might play a role in gastric tumorigenesis.
Materials and Methods
Mice
Mice of both sexes, ages 2-3 months, were used, except where noted. Lgr5-EGFP-IRES-CreERT2 (Lgr5) (Barker et al, 2007) (Jackson Labs #008875), Bmi1-CreER (Bmi1) (Sangiorgi & Capecchi, 2008 For analysis of organoid growth, the GSI DAPT (EMD4Bio-sciences, Gibbstown, NJ, USA) was added to culture media (10 nM-5 lM) and renewed every other day for up to 5 days. To test stem cell function in antral organoids, organoids were pre-treated with vehicle (DMSO) or 500 nM DAPT for 1-5 days and subsequently passaged. The number of new organoids formed was counted 48 h post-passaging. 
Morphometrics
Morphometric analysis was performed with ImageJ software (1.43u, Wayne Rasband, NIH, USA). For analysis of LGR5 + stem cell proliferation, the number of GFP/Ki67 double-positive cells per gastric antral gland was counted in vehicle (n = 952 glands), DBZ (n = 894 glands), control Lgr5 (n = 1,187 glands) and Lgr5; ROSA NICD (n = 826 glands) mice (n = 4-5 mice per group). For analysis of Ki67 + or EdU + epithelial cell proliferation and G-cell number, images of at least three separate fields per animal were taken and analyzed (n = 3-6 animals per group). Cell counts were normalized to total epithelial area (lm 2 ). For antral gland height measurements, glands from the proximal antrum (~800 lm from disappearance of parietal cells) were measured. For analysis of gland clonality in Lgr5; ROSA Con and Lgr5; ROSA Con ; ROSA NICD mice, the number of Confetti-labeled cross-sectional glands was counted and scored as multi-colored (glands expressing > 1 Confetti color), single-colored (glands expressing 1 Confetti color) or clustered (adjacent glands expressing the same Confetti color) (n = 3 per group). Scoring was performed on at least three fields per animal.
Gene expression analysis
RNA was isolated from gastric antral tissue by homogenization in lysis buffer (RLT, Qiagen) with b-mercaptoethanol (b-ME, 10 ll/ml), followed by DNase I treatment and purification using the RNeasy Mini kit (Qiagen). cDNA was prepared from 1 lg total RNA using the iScript cDNA Synthesis kit (Bio-Rad). Quantitative PCR was performed as previously described (Keeley & Samuelson, 2010) , using primer sets listed in Appendix Table S3 .
For RNA isolation from antral organoids, organoids were washed in PBS, re-suspended in RLT with b-ME and passed through a needle and syringe five times to homogenize. DNase I treatment, cDNA preparation and qRT-PCR were performed as described above.
In situ hybridization was performed as previously described (Carulli et al, 2015) using an Lgr5 probe (Barker et al, 2007) (gift from Dr. Hans Clevers), with modifications as listed in the Appendix Supplementary Materials and Methods.
Gland isolation and immunostaining
Antral tissue was cut into~2-mm 3 pieces and incubated in 15 mM EDTA/Dulbecco's PBS (DPBS) for 2 h at 4°C on a rocking platform. Tissue was vortexed for 2.5 min to release glands, tissue pieces were removed, and glands were pelleted at 150× g for 10 min. Glands were re-suspended in 500 ll 4% PFA and incubated for 10 min on ice, pelleted at 350× g for 5 min, and re-suspended in 200 ll blocking solution (20% serum, 1% BSA, 0.3% TPBS) for 1 h at room temperature. Primary and secondary antibodies were applied in suspension culture. Stained glands were re-suspended in 100-200 ll DPBS and mounted on slides with ProLong Gold + DAPI.
Gastric organoid culture and histological analysis
Gastric organoid experiments were carried out as previously described Miyoshi et al, 2012) , with modifications. Antral tissue was incubated in 15 mM EDTA/DPBS with pen-strep for 1 h at 4°C on a rocking platform. Tissue was vortexed for 2.5 min to release glands, which were gravitysettled 2 × 5 min, pelleted at 150× g for 10 min and resuspended in culture media: advanced DMEM/F12 with HEPES, 10% Wnt3A and 5% R-spondin2 (Bell et al, 2008) -conditioned media, B27, N2, pen-strep, Noggin (100 ng/ ml), EGF (50 ng/ml) and Y-27632 (10 lM). In some experiments, 50% L-WRN-conditioned media (Miyoshi & Stappenbeck, 2013) replaced Wnt3A, R-spondin2-conditioned media, Noggin and EGF. Resuspended glands were mixed with 120 ll Matrigel (BD Biosciences), and 50 ll aliquots were plated in pre-warmed 24-well plates. After 30 min at 37°C, 500 ll culture media was overlaid, and media (without Y-27632) was renewed every 3-4 days. To test organoid formation efficiency after in vivo Notch inhibition, C57BL/6 mice were treated with vehicle or DBZ as above, and tissue harvested on day 6 for antral organoid cultures. Organoid efficiency after Notch activation was tested by injecting Lgr5 or Lgr5; ROSA NICD mice with 100 mg/kg TX once daily for 5 days, and tissue was harvested for organoid cultures 1 week postcessation of TX treatment. The efficiency of organoid formation was measured by counting the number of organoids formed 48 h post-plating, and normalizing to the number of initially plated antral glands. For gene expression analysis after in vitro Notch inhibition, established organoids were passaged (day 0), treated with 1 lM DAPT on days 1, 3 and 5 and harvested on day 6 for RNA extraction. For gene expression analysis of Notch-activated organoids, Lgr5 or Lgr5; ROSA NICD organoids were passaged as above, media replaced every other day and harvested on day 6. For histological analysis, organoids were collected, fixed in 4% PFA for 20 min, washed in 1× PBS and re-suspended in OCT. To measure proliferation, EdU (10 lM) was added to the media for 1.5 h before collection. Staining frozen sections for EdU or E-cadherin was performed as described above.
FACS and LGR5
+ stem cell plating FACS isolation of single LGR5 + antral stem cells from vehicle and DBZ-treated mice was performed as previously described Magness et al, 2013; Carulli et al, 2015) with modifications. Antral tissue was incubated in 30 mM EDTA, 1.5 mM dithiothreitol (DTT) in DPBS for 1 h on ice, followed by incubation in 30 mM EDTA in DPBS for 20 min at 37°C. Tissue was shaken vigorously by hand for 30 s, tissue fragments were removed, and glands were pelleted at 1,280× g for 5 min. Glands were washed in DPBS with 10% FBS and 0.1 mg/ml DNase I (Roche) and filtered through a 70-lm cell strainer (BD Bioscience). The filtrate was pelleted, supernatant was removed, and glands were re-suspended in HBSS containing dispase I (2 U/ml, Roche) for 10 min in a shaking 37°C H 2 O bath. Cells were washed in 10% FBS in DPBS with 0.1 mg/ml DNase I, pelleted, re-suspended in 5 ml HBSS and filtered through a 40-lm cell strainer. Single cells were then pelleted at 400× g for 5 min and re-suspended in 100 ll cell sorting media (Magness et al, 2013) . DAPI (3.6 mM) was added for exclusion of dead cells. GFP + cells were sequentially gated for size, singlets and DAPI À (Appendix Fig S4) using a FACSAria IIu SORP cell sorter (BD Bioscience).
LGR5-GFP + antral stem cells were sorted into 20 ll organoid culture media (50% L-WRN, 20% FBS, 2 mM L-glutamine, 1× pen/strep, 1× fungizone, 1× gentamicin, 10 lM Y-27632 in advanced DMEM/F12), further diluted in Matrigel, and 50 ll aliquots were plated in a 24-well plate (500 stem cells/well). A total of 10 lM Y-27632 was added to culture media for the first 3 days post-plating. Organoid establishment efficiency was quantified by counting the number of organoids formed at 72 h post-plating and normalized to the number of stem cells initially plated.
Statistical analysis
GraphPad Prism software was used for statistical analysis of data sets. Quantitative data are presented as mean AE SE and analyzed using Student's t-test, one-way ANOVA or two-way ANOVA with Dunnett's post hoc test, as indicated. For qRT-PCR data, the control group is pooled from vehicle-treated animals in DBZ and Lgr5; ROSA NICD experiments and data are expressed as mRNA fold change (FC) versus control. P < 0.05 was considered significant.
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